INTRODUCTION {#s0001}
============

Prions are infectious particles composed of misfolded prion proteins (PrP^Sc^). They are known to cause diseases such as scrapie in sheep, bovine spongiform encephalopathy (BSE) in cattle, chronic wasting disease (CWD) in cervids, as well as Kuru, Creutzfeld Jacob Disease (CJD) and Fatal Familial Insomnia (FFI) in humans.[@cit0001] Prion diseases are uniformly fatal neurodegenerative diseases. Prion infectivity and prion neurotoxicity appears to be due to the progressive conversion the native, non-toxic, α-helix-rich cellular prion protein (PrP^c^) into an insoluble, toxic, β-sheet rich isoform (PrP^Sc^).[@cit0002] PrP^c^ is a highly conserved glycosylphosphatidylinositol (GPI) anchored, membrane-bound glycoprotein, that is particularly abundant in the neuronal cells of vertebrates. Although the GPI anchor and glycosylation modulate the strain and species transmissibility properties of PrP^Sc^, they are not required for generating fatal and infectious prion disease.[@cit0003] The role of PrP^Sc^ as the sole prion infectious agent is supported by the ability to generate infectious prions *de novo* from recombinant (rec) PrP^c^ using POPG (1-palmitoyl-2-oleoyl-sn-glycero-3-phospho-(1′-rac-glycerol)), RNA and protein misfolding cyclic amplification (PMCA).[@cit0004]

The role of cofactors and denaturants in the conversion of α-helical PrP^c^ to β-sheet PrP (PrP^β^) is well known. In these methods, the conversion of recPrP^c^ to PrP^β^ is performed through the addition of denaturants and cofactors such as detergents[@cit0005], urea[@cit0006], copper ions[@cit0007], acid[@cit0006], RNA[@cit0008], DNA[@cit0010], glycosaminoglycans[@cit0012], lipids[@cit0013] and lipopolysaccharides[@cit0014]. However, conformational change to a β-sheet rich structure is not sufficient to create infectious prions (PrP^Sc^). Another critical component of prion disease is the occurrence of template directed replication or propagation of the infectious PrP^Sc^ isoform.[@cit0002] Generation of *de novo* and cell free infectious PrP^Sc^, has been accomplished by first forming a PrP^β^ intermediate from mammalian PrP^c^ and recPrP^c^ using lipid and RNA induced conversion and then applying PMCA to both select for and amplify the infectious PrP^Sc^ isoforms.[@cit0004] Recent work has revealed that some of the structural changes present in PrP^β^ formed from recPrP^c^ and POPG-induced conversion persist in the final PrP^Sc^ conformer.[@cit0017] Furthermore, POPG exposes a region in PrP that is critical for binding the primary PrP^Sc^ epitope[@cit0018] (which is shown to be the N-terminal polybasic region residues 23--33).[@cit0019] This suggests that the formation of PrP^β^ is an intermediate in template directed replication of infectious PrP^Sc^. In addition, it has been shown that POPG induces β-sheet conversion of PrP through a transient interaction, which means that the PrP^β^ isoform is stable after removal of POPG.[@cit0018] However the continued presence of cofactors (POPG and RNA or phosphatidylethanolamine alone) are needed during PMCA cycles to form and maintain PrP^Sc^.[@cit0020]

We believe that there are other cofactors that will also cause formation of PrP^β^. Previously we discovered that lipopolysaccharide (LPS) induces conversion of recPrP to large oligomers and fibrils, rich in β-sheet structure.[@cit0014] LPS is a major component of the outer membrane of Gram-negative bacteria and is found in or on almost any natural and man-made objects that have been in contact with bacteria.[@cit0021] LPS is toxic and is known to induce a strong immune response in mammals. The structure of LPS is shown in [Fig. 1](#f0001){ref-type="fig"} and consists of an O antigen polysaccharide repeat, an outer core polysaccharide, an inner core Kdo~2~ disaccharide and a lipid component called lipid A ([Fig. 1](#f0001){ref-type="fig"}). Lipid A consists of a glucosamine disaccharide with ester linked and amide linked fatty acid chains.[@cit0021] Figure 1.(A) General structure of LPS redrawn from Magalhaes *et al*. and Ruiz *et al*.[@cit0047] with the structure of lipid A, the core oligo-saccharide and the O-Antigen components labeled. Abbreviations represent 2-keto-3-deoxyoctonate (Kdo), [L]{.smallcaps}-glycerol-D-manno-heptose (Hep), galactose (Gal), glucose (Glc), N-acetylgalactosamine (Nga) and N-acetylglucosamine (NGc). (B) Structure of Kdo~2~-lipid A provided by the supplier (Avanti Polar lipids). The inset shows the structure of Kdo. (C) Structure of dLPS according to Muller-Loennies *et al*.[@cit0049] The inset shows the structure of Gln (glucosamine).

LPS-induced conversion of prion proteins is unique compared to the addition other denaturants and cofactors, in that the conversion of recPrP occurs at sub-stoichiometric ratios of LPS to recPrP. Furthermore LPS has a unique property of both mediating conversion to PrP^β^ as well as being a well-known cause of inflammation. LPS induces innate immune responses through toll-like receptors (TLR). This LPS-induced activation of TLR initiates an innate adaptive response that decreases prion propagation.[@cit0022] However, moderate repeated doses of LPS have been shown to cause systemic inflammation, which accelerates features of neurodegenerative disease in combination with existing disease pathology.[@cit0023] Furthermore, there is a strong link between a highly pro-inflammatory response in microglia and prion disease progression.[@cit0024] Intriguingly treatment of the mucosal side of colon tissue with LPS caused up-regulation of genes related to TLR and the inflammasome.[@cit0025] Treatment of the mucosal side of colon tissue with recPrP and LPS up-regulated genes related to TLR, inflammatory response, attraction of dendritic cells and the JNK-apoptosis pathway.

Given the molecular complexity of LPS and the data from other studies showing that simpler molecules could induce PrP conversion and propagation,[@cit0004] we decided to systematically investigate which portions of LPS are necessary and sufficient to induce PrP conversion. The LPS components that we tested were partially deacylated and detoxified LPS (dLPS), Kdo~2~-lipid A, lipid A, 2-keto-3-deoxyoctonate (Kdo) and glucosamine ([Fig. 1](#f0001){ref-type="fig"}). Other than intact LPS, we found that only dLPS strongly binds recPrP^c^ and also induces conversion to soluble β-sheet rich, large oligomers. The large oligomers generated by both LPS and dLPS have PrP^Sc^ features of being β-sheet rich, and partially PK resistant. The concentration dependence of PrP conversion seen from serial dilution of a dLPS-PrP mixture was similar to that seen for LPS-induced PrP conversion. We characterized LPS and dLPS induced PrP conversion of full-length recMoPrP^23--231^ using resolution enhanced native acidic gel electrophoresis (RENAGE), tryptophan fluorescence, circular dichroism, electron microscopy and PK resistance. The large oligomers formed by dLPS have a PK resistance core above 11 kDa with bands at 18/17 kDa, similar to the large oligomers formed by LPS-induced PrP conversion. This work adds to the understanding of the role of lipids in β-sheet conversion of PrP. Our results are consistent with a mechanism of LPS-induced PrP conversion that requires both a polysaccharide functionality and lipid micelles to provide a scaffold for protein binding and rapid β-sheet formation.

RESULTS {#s0002}
=======

Conversion Capability of LPS Components {#s0002-0001}
---------------------------------------

LPS is known to induce the conversion of recPrP to fibril-like species and large oligomers.[@cit0014] A specially designed gel electrophoresis technique called RENAGE allows one to routinely separate monomeric PrP from oligomers, large oligomers and small fibrils.[@cit0026] Small oligomers (8 to 12-mers) are well dispersed in the separating gel, oligomers ∼16 to 24-mers are found near the top of the separating gel, and larger oligomers (megamers) or fibrils migrate just into the top of the stacking gel. RENAGE cannot distinguish oligomers larger than ∼30-mers from fibrils. We previously used this technique to show that LPS induces the formation of large soluble recPrP aggregates or fibrils.[@cit0014] RENAGE is also well suited to screening for other compounds that will induce PrP oligomerization. Here we used RENAGE to systematically test whether smaller components or fragments of LPS could also cause conversion of native PrP to large oligomers (megamers) or fibrils. In particular, we tested whether partially deacylated and detoxified LPS (dLPS), Kdo~2~-lipid A, lipid A and 2-keto-3-deoxyoctonate (Kdo) cause recPrP oligomerization using RENAGE. Specifically, 0.5 mg/mL (19.3 µM) of helix-rich recMoPrP^23--231^ dissolved in 20 mM sodium acetate, pH 5.5 was incubated at 37°C overnight with each of the 4 LPS chemical components. The resulting RENAGE gels are shown in [Fig. 2](#f0002){ref-type="fig"}. Only recMoPrP^23--231^ incubated with dLPS at a weight ratio of 1:0.5 (PrP:dLPS) (estimated to be a molar ratio of 1:1.3 (PrP:dLPS) caused the formation of a large oligomer protein band that migrated a few millimeters into the RENAGE stacking gel. This is similar to what was seen for intact-LPS induced PrP conversion ([Fig. 2A](#f0002){ref-type="fig"}). Also the mixture of dLPS with recPrP remained homogeneous, with no visible precipitate. RENAGE gels of truncated forms of the prion protein (recMoPrP^90--231^) incubated with each of these 4 LPS compounds showed the same result (result not shown). Figure 2.RENAGE gels showing that dLPS is the minimum component of LPS that causes PrP conversion to large oligomers or fibrils. RecMoPrP^23--231^ at 0.5 mg/mL (19.3 µM) was incubated in 20 mM NaCH~3~CO~2~ at pH 5.5 with molar ratios of (A) 1:1.3 PrP:LPS (lane 1), 1:4 lipid A (lane 2), 1:1.3 dLPS (lane 3) and 1:50 PrP:Kdo (lane 4). Panel (B) is recMoPrP^23--231^ incubated with lipid A at molar ratios of 1:2 (lane 1), 1:4 (lane 2), and 1:8 (lane 3) PrP:lipid A. Panel (C)is recMoPrP^23--231^ incubated with Kdo~2~-lipid A at molar ratios of 1:2 (lane 1), 1:4 (lane 2), and 1:8 (lane 3) PrP: Kdo~2~-lipid A. Both LPS and dLPS-induce PrP conversion to large oligomers (labeled by \*). Kdo~2~-lipid A induced formation of a visible precipitate. PrP in the presence of the other components (Kdo and Lipid A) remained monomeric (labeled by m).

Surprisingly Lipid A did not induce formation of soluble recPrP large oligomers or fibrils, similar to LPS. Initial we solubilized lipid A in 50% methanol:water, which generated a cloudy suspension. When this 50% methanol suspension of lipid A was mixed with recPrP, a protein aggregate was seen in the top of the RENAGE well ([Fig. 2A, lane 2](#f0002){ref-type="fig"}). After 10 d of incubating recMoPrP^23--231^ with this lipid A suspension, a visible precipitate was present. However, it was thought that the poorly solubilized lipid A could have caused the non-specific protein precipitation of PrP. Therefore we solubilized lipid A powder in 0.2% trimethylamine (1 mg/mL stock solution), which fully solubilized lipid A. When lipid A in 0.2% trimethylamine was added to recMoPrP^23--231^ at molar ratios of 1:2, 1:4, and 1:8 (PrP:lipid A) and incubated overnight at 37°C, no precipitate was found and PrP remained monomeric ([Fig. 2B](#f0002){ref-type="fig"}).

Kdo incubated with recMoPrP^23--231^ was tested at molar ratios of recMoPrP^23--231^ to Kdo of 1:4 and 1:50 and our results showed that PrP remained monomeric. This indicates that the Kdo component has essentially no effect on the prion protein. Kdo~2~-lipid A contains the Kdo disaccharide and lipid A. As a result Kdo~2~-lipid A represents a minimalist form of lipopolysaccharide, containing both oligosaccharide and lipid. However, our results showed that Kdo~2~-lipid A did not induce conversion to LPS-like soluble, large PrP oligomers. Instead Kdo~2~-lipid A caused visible protein precipitation, despite being fully solubilized prior to being added to the PrP samples. Precipitate was visible immediately after adding Kdo~2~-lipid A to recMoPrP^23--231^. In addition a disappearance of the PrP monomer band is seen in the RENAGE gels at ratios of recMoPrP^23--231^ to Kdo~2~-lipid A of 1:2, 1:4, and 1:8 (mol:mol) ([Fig. 2C](#f0002){ref-type="fig"}). We cannot conclude whether a specific or a non-specific interaction of Kdo~2~-lipid A with recMoPrP^23--231^ caused a precipitate to form. However we can conclude that Kdo~2~-lipid A does not induce the type of PrP oligomerization which is induced by LPS and dLPS.

Ligand Interaction of LPS Components {#s0002-0002}
------------------------------------

LPS binds strongly to recPrP, as was demonstrated using NMR spectroscopy by Saleem *et al*.[@cit0014] To facilitate further binding analyses with different LPS components we decided to develop a fluorescent assay to investigate binding. Full length recMoPrP^23--231^ has 8 tryptophan residues. Truncated recMoPrP^90--231^ contains 2 tryptophan residues (W98 and W144). To simplify the fluorescence spectra and determine the presence of ligand binding, we employed the truncated PrP construct (MoPrP^90--231^). We first confirmed the strong binding of LPS to recPrP using tryptophan fluorescence. Emission fluorescence spectra were collected for 15 µM recMoPrP^90--231^ (corresponding to 0.28 mg/mL) in 20 mM sodium acetate pH 5.5 with added concentrations of 0.05, 0.15, 0.3 and 0.6 mg/mL LPS ([Fig. 3A](#f0003){ref-type="fig"}). These LPS concentrations were estimated to be 5, 15, 30 and 60 µM LPS, respectively, from an average LPS molecular weight of 10 kDa. Binding of LPS to recMoPrP^90--231^ is evident from the fluorescence enhancement and concurrent emission maximum blue shift (inset of [Fig. 3A](#f0003){ref-type="fig"}). The background fluorescence from 60 µM LPS alone was negligible (Fig. S1). Figure 3.Tryptophan fluorescence of recMoPrP^90--231^ with LPS and dLPS showing strong binding of the compounds to the PrP protein. Emission spectra were acquired for a 15 µM (0.28 mg/mL) solution of recMoPrP^90--231^ with 0.05, 0.15, 0.3 and 0.6 mg/mL LPS (A) and dLPS (B). These concentrations of LPS and dLPS correspond to 5, 15, 30 and 60 µM, respectively, based on an estimated molecular weight of 10 kDa for both compounds. The insets on both panels show the emission maximum shift with increasing LPS and dLPS concentration. Note: the 60uM dLPS+MoPrP^90--231^ is not shown in B.

Tryptophan fluorescence enhancement and an emission maximum blue shift were also observed when 15 µM recMoPrP^90--231^ was mixed with 0.05, 0.15, 0.3 and 0.6 mg/mL of dLPS (5, 15, 30 and 60 µM, respectively). This result indicates that dLPS strongly binds to PrP and induces a similar conformational change in PrP ([Fig. 3B](#f0003){ref-type="fig"}). Intriguingly the emission wavelength blue shift was slightly less for dLPS (340nm) compared to intact LPS (338 nm). This suggests that LPS induces slight different structural conformation changes in PrP than dLPS.

Binding of glucosamine (GlcN), Kdo, lipid A and Kdo~2~-lipid A to recMoPrP^90--231^ was also tested by tryptophan fluorescence. Neither glucosamine, Kdo nor lipid A had any effect on tryptophan fluorescence of recPrP, indicating that they either do not bind in the same manner as LPS does or they do not bind at all (results not shown). Although tryptophan fluorescence could miss binding events that do not impact the Trp residues in PrP, it is certain that glucosamine, Kdo or lipid A do not bind to PrP in a similar fashion as LPS or dLPS. For binding to be measured by tryptophan fluorescence Kdo would need to bind near the tryptophan such that the carboxylate (Kdo) group quenched fluorescence or induced a conformational change that result in quenching or change in the immediate environment of the tryptophan.[@cit0028] In the case of LPS and dLPS binding to PrP, the fluorescence enhancement and blue shifting is indicative of a change in the immediate environment of the tryptophan residues. This fluorescent enhancement is consistent with conformational change, oligomerization, and/or solvation in a lipid environment, upon recMoPrP interacting with LPS and dLPS micelles. If lipid A bound to recPrP we could expect that the interaction with the hydrophobic interface would induce changes in tryptophan fluorescence. The effect of Kdo~2~-lipid A on recMoPrP^90--231^ tryptophan fluorescence was also tested, even though Kdo~2~-lipid A caused protein precipitation. Protein precipitation removes PrP from solution thereby the mixture of PrP and Kdo~2~-lipid A is not at equilibrium conditions and ligand binding cannot be ascertained.[@cit0029] The formation of protein precipitation could be exacerbated or caused by non-specific interactions with impurities. We were interested to see if fluorescence quenching or fluorescence enhancement occurred at molar ratios of 1:1 or 1:0.33 PrP:Kdo~2~-lipid A since minimal loss of monomer occurred at a 1:2 ratio as seen by RENAGE ([Fig. 2C](#f0002){ref-type="fig"}). Our results showed a decrease in fluorescence emission with 1:0.33 and 1:1 of PrP to Kdo~2~-lipid A. However, this corresponded directly to the decrease in absorbance at 280 nm, which indicates that protein was precipitating out of solution.

Concentration Dependence of LPS and dLPS Induced PrP Conversion {#s0002-0003}
---------------------------------------------------------------

We investigated the minimal concentration of LPS or dLPS required for PrP conversion as well as tested for potential effects of the propagation of PrP conversion, by serial dilution of converted PrP large oligomers with fresh recPrP. Conversion of recPrP to large oligomers (megamers) occurs within minutes. This is based on the time it takes to prepare, load and initiate a RENAGE gel run (see [Fig. 2A\*](#f0002){ref-type="fig"}). Incubation of recMoPrP^90--231^ or recMoPrP^23--231^ with ratios of PrP to LPS or PrP to dLPS, at or above a weight ratio of 1:1 cause instant and complete conversion to these large oligomers. The required concentration of LPS and dLPS needed to induce PrP conversion of recMoPrP^23--231^ was followed by 2-fold serial dilution starting with a weight ratio of 1:4 or 1:1 recMoPrP^23--231^ to lipid. This PrP conversion was conducted in a 20 mM MES buffer at pH 6.5 and incubated at 37°C for 4 d before running the RENAGE gel. Both LPS and dLPS induce 100% conversion of recMoPrP^23--231^ at a weight ratio of 1:1 ([Fig. 4, lanes 7 and 14](#f0004){ref-type="fig"}) and above (results not shown). The PrP conversion efficiency was measured from the ratio of the Coomassie stained bands of the large oligomer (and 16 to 24-mers, if any) versus the total intensity of all bands in that gel lane. Conversion at a ratio of 1:0.5 occurs with 25% efficiency for LPS-induced conversion and 49% for dLPS-induced conversion. The conversion efficiency was similar whether the PrP^β^ used for 2-fold serial dilution, was incubated for 4 d at 37°C (as shown) or if it was used immediately after mixing LPS/dLPS with PrP (results not shown). The presence of a large oligomer band, at the top of the RENAGE stacking gel, is seen at all dilutions down to weight ratios of 1:0.016 of protein to LPS or dLPS (0.008 mg/mL LPS/dLPS). However the intensity of the 1:0.016 band matches with dilution of the 1:0.032 large oligomer band by half. This result is consistent with results from Saleem *et al*.,[@cit0014] who found that LPS-induced PrP conversion does not occur below the LPS critical micelle concentration (CMC) of 0.014 mg/mL[@cit0031] and that propagation of conversion does not occur. Similarly dLPS-induced PrP conversion has similar concentration dependence with dLPS, where PrP conversion does not occur below the CMC and PrP^β^ is stable below this dLPS concentration. Figure 4.RENAGE gels showing the effects of serial dilution of LPS and dLPS-induced PrP^β^ conversion with fresh recMoPrP^23--231^. (A) Samples are from the serial dilution of PrP^β^ formed from 1:1 (g:g) PrP to LPS (0.5 mg/mL) incubated in 20 mM MES, pH 6.5 at 37°C for 4 d (lane 7 and 14), and diluted with fresh recMoPrP^23--231^ in buffer. The resulting ratios of PrP to dLPS (lanes 1--6) or PrP to LPS (lanes 8--13) (and the LPS/dLPS concentration) are 1:0.016 (0.008 mg/mL, lane 1 and 8), 1:0.032 (0.016 mg/mL, lane 2 and 9), 1:0.063 (0.031 mg/mL, lane 3 and 10), 1:0.125 (0.063 mg/mL, lane 4 and 11), 1:0.25 (0.125 mg/mL lane 5 and 12), and 1:0.5 (0.25 mg/mL, lane 6 and 13). The size of the oligomers is compared to a BSA ladder.

Intriguingly, the RENAGE gel results show the presence of faint, smaller oligomers (\< 25-mers), formed by LPS and dLPS induced conversion of recMoPrP^23--231^, in addition to large oligomers ([Fig. 4](#f0004){ref-type="fig"}). The presence of these small oligomers is more pronounced in dLPS-converted PrP. The size of this small oligomer band from dLPS-induced PrP conversion corresponds to a series of oligomers that are 12-mers (or larger), and was determined using the bovine serum albumin (BSA) ladder, as previously described.[@cit0026] The presence of these small oligomers is more pronounced in LPS mediated conversion of recombinant Syrian hamster (Sh) PrP^90--232^ ([Fig. 5A](#f0005){ref-type="fig"}). The presence of small oligomers is found when converting 1 mg/mL recShPrP^90--232^ with 0.09 mg/mL, 0.17 mg/mL and 0.75 mg/mL LPS. These small oligomers range from 9-mers to 24-mers, with the 9-mer, 10-mer and 11-mer clearly separated on the RENAGE gel. The size of these LPS-induced recShPrP^90--232^ oligomers was determined using shaking-induced PrP oligomers as a standard.[@cit0027] The formation of approximately 20-mer oligomers is also seen in the LPS-induced conversion of recMoPrP^90--231^ and recombinant cervid recCePrP^94--233^, but no 9, 10 or 11-mer bands are visible for these constructs ([Fig. 5B](#f0005){ref-type="fig"}). Specific, but as yet undetermined, properties of recShPrP^90--232^ increase the amount of 9-mer to 24-mers and allow for a banding pattern to be observed under the concentrations loaded. Figure 5.LPS-induced conversion of truncated recPrP generates large oligomers (LO) and small oligomers (9-mer to 20-mers). (A) Concentration dependent conversion of 1 mg/mL recShPrP^90--232^ in 15 mM NaPO~4~, 3.3 mM NaCH~3~CO~2~ at pH 6.5 with 0.005 mg/mL LPS (lane 1), 0.01 mg/mL LPS (lane 2), 0.09 mg/mL (lane 3), 0.17 mg/mL (lane 4) and 0.75 mg/mL LPS (lane 5). The formation of small oligomers sized 9-mer to 20-mer of 0.5 mg/mL recShPrP^90--232^ in 150 mM NaCl (unbuffered, pH 5.5) with 0.5 mg/mL LPS (lane 6) was sized by the known size of oligomers generated by shaking at 350 rpm with (lane 7) and without (lane 8) LPS. (B) LPS converts and generates different amounts of small oligomers with 1 mg/mL recShPrP^90--232^ (lane 1), recMoPrP^90--231^ (lane 2), and recCePrP^94--233^ (lane 3) with 0.75 mg/mL LPS in buffer (15 mM NaPO~4~, 3.3 mM NaCH~3~CO~2~ pH 6.5). Lane 4 is monomeric recShPrP^90--232^. Monomer is labeled with M and dimer is labeled as D.

The results in [Figure 5](#f0005){ref-type="fig"} are also used to determine the concentration dependence of LPS-induced conversion of a truncated PrP construct. We monitored the conversion of recShPrP^90--232^ using RENAGE at 0.005, 0.01, 0.09, 0.17 and 0.75 mg/mL LPS ([Fig. 5A](#f0005){ref-type="fig"}). In this experiment we added LPS at the indicated concentrations to a solution of 1 mg/mL of recShPrP^90--232^. The recShPrP^90--232^ construct was used so that we could better compare our results with those from Saleem *et al*.[@cit0014] Below the CMC of LPS (0.005 mg/mL) only a faint large oligomer band is seen on RENAGE. This is consistent with conversion not occurring below the CMC. The percentage ratio of monomer and oligomers (small (9 to ∼24-mers) and large (\>24-mers)) was plotted against the LPS concentration ([Fig. 6](#f0006){ref-type="fig"}). This shows that LPS converts recShPrP^90--232^ with an exponential trend. Over 50% of the conversion occured when the LPS concentration was above 0.17 mg/mL, corresponding to a weight ratio of 1:0.17 (PrP:LPS; [Fig. 6](#f0006){ref-type="fig"}). Figure 6.Concentration dependence of recShPrP^90--232^ with LPS follows exponential trend. Plot of peak area of monomer (triangles) and oligomers (small (9--20-mers) plus large (squares)) vs. LPS concentration (squares), from RENAGE gel in [Fig. 5A](#f0005){ref-type="fig"} (lanes 1 to 5).

PrP^Sc^ Properties of PrP Oligomers Induced by LPS and dLPS {#s0002-0004}
-----------------------------------------------------------

Our previous work showed that LPS-induced conversion of α-helical recShPrP^90--232^ and recMoPrP^90--231^ led to a β-rich oligomeric form with 32% β-sheet.[@cit0014] Here we collected CD spectra of 0.5 mg/mL recMoPrP^23--231^ alone and with a weight ratio of 1:1 PrP to LPS or 1:1 PrP to dLPS ([Fig. 7](#f0007){ref-type="fig"}). The LPS or dLPS were added 30 to 45 minutes before acquiring the CD spectra. Analysis of the secondary structure content of the resulting CD spectra was performed using BeStSel.[@cit0032] Our results show that the structure of native recMoPrP^23--231^ consists of 35.4% α-helix, 7.3% β-sheet, 12.3% turn and 45% disordered -- as expected. In contrast, when LPS was added to recMoPrP^23--231^ the structure consists of 33.2% β-sheet, 13.9% α-helix, 10.8% turn and 42.1 % disordered. Similarly when dLPS was added to recMoPrP^23--231^ the structure contains 34.1% β-sheet, 14% α-helix, 11.6% turn and 40.3% disordered secondary structure. The LPS/dLPS conversion of recMoPrP^23--231^ yields a β-sheet rich structure similar to PrP^Sc^, which contains 43% β-sheet.[@cit0033] Both LPS and dLPS induce the formation of large oligomers with similar β-rich structures. Figure 7.Both LPS and dLPS induce rapid conversion of α-helical recMoPrP^23--231^ to a β-sheet rich structure. CD spectra are shown for recMoPrP^23--231^(black line), recMoPrP^23--231^ plus 1:1 (g:g) LPS (gray line),and recMoPrP^23--231^ plus 1:1 (g:g) dLPS (red dashed line). The recMoPrP^23--231^ concentration is at 0.5 mg/mL in water and the LPS or dLPS was added 30 to 45 min before acquiring the spectra. The secondary structure content calculated from BeStSel of recMoPrP^23--231^ is 35.4% α-helix, 7.3% β-sheet, 12.3% turn and 45% other/disordered; with LPS is 33.2% β-sheet, 13.9% α-helix, 10.8% turn and 42.1 % other/disordered; and with dLPS is 34.1% β-sheet, 14% α-helix, 11.6% turn and 40.3 % other.

The large PrP oligomers that were formed by LPS and dLPS were analyzed by negative stain transmission electron microscopy (TEM). To prepare the samples 0.5 mg/mL of recMoPrP^23--231^ in 20 mM MES, pH 6.5 was incubated with LPS or dLPS for 4 d at 37°C. Negative stain TEM using uranyl acetate showed that large oligomers or spheroids were formed in both cases ([Fig. 8A, B](#f0008){ref-type="fig"}). Less commonly, rod-like fibrils were seen in the electron micrographs of LPS converted PrP^β^ samples. In comparison, negative stain TEM of recMoPrP^23--231^ incubated with Kdo~2~-lipid A, using the same conditions, showed clumps, consistent with amorphous aggregate ([Fig. 8C](#f0008){ref-type="fig"}). Electron micrographs of LPS and dLPS alone, contained no oligomer structures. Instead the electron micrograph of LPS alone, contained supramicellular structures and those of dLPS were largely blank, with no defined structures and sometimes spindle-like. (Fig. S2). The sizes of the large PrP oligomers formed in both LPS and dLPS were a range of 17 to 50 nm in width, and they appear to loosely associate into larger aggregates. The formation of large proteinaceous PrP oligomers is also seen with infectious recPrP^Sc^ generated using recPrP with POPG, RNA and PMCA.[@cit0035] Furthermore, the PrP oligomers formed from LPS-induced and dLPS-induced PrP conversion were free of micelles ([Fig. 8A, B](#f0008){ref-type="fig"}). This suggests that PrP binds to LPS or dLPS, and undergoes conformational change and conversion to large oligomers. Figure 8.Negative stain TEM of recMoPrP^23--231^ incubated with LPS (A) or dLPS (B) for 4 d or for 20 hours with Kdo2-lipid A (**c**). The micrographs show the formation of large oligomers or spheroids. The size of the large PrP oligomers formed with LPS or dLPS was 17--40nm. An amorphous aggregate was observed when the precipitate formed with Kdo2-lipid A and PrP was examined. The scale bar = 100 nm.

Proteinase K resistance is one of the hallmarks of PrP fibrils and infectious prions (PrP^Sc^).[@cit0036] As a result, we tested the β-sheet oligomers formed by LPS and dLPS for evidence of PK resistance ([Fig. 9](#f0009){ref-type="fig"}). RecMoPrP^23--231^ at 0.5 mg/mL in 20 mM MES pH 6.5 was incubated with 0.5 mg/mL LPS or 0.5 mg/mL dLPS for 4 d at 37°C. The resulting PrP oligomer samples were then incubated with PK at weight ratios of 1:50, 1:200 or 1:400 of PK to PrP. They were then separated on a 12% acrylamide SDS-PAGE gel and visualized with Colloidal Coomassie blue staining. PK digestion of native, monomeric recMoPrP^23--231^ produces PK resistant fragments below 11 kDa ([Fig. 9A](#f0009){ref-type="fig"}). In contrast, LPS converted PrP oligomers have PK-resistant fragments at bands corresponding to 17/18 kDa and 13/14 kDa, at a weight ratio of 1:400 PK to PrP ([Fig. 9B](#f0009){ref-type="fig"}). PrP oligomers generated with dLPS have the same sized PK-resistant fragments as those formed by intact LPS induced PrP conversion ([Fig. 9C](#f0009){ref-type="fig"}). PK resistance between LPS and dLPS differed only slightly. The LPS-induced PrP conversion generated PK resistant fragments with molecular weight bands of 13/14 kDa at a 1:200 ratio, but bands of this size were not seen at this ratio of PK to PrP in dLPS converted PrP^β^. However in other experiments we have seen resistance at a PK to PrP ratio of 1:200 with recMoPrP^23--231^ converted with dLPS (results not shown). The PrP large oligomers that are formed in LPS or dLPS have less PK resistance than found in deglycosylated PrP^Sc^.[@cit0037] However, we were interested in the 17/18 kDa PK-resistant fragment, present in both LPS-induced and dLPS-induced PrP conversion. This 17/18 kDa band was undetected with PK-digested native monomer. This reflects a similar conformational change present in LPS or dLPS converted PrP^β^. We also tested for PK resistance immediately after adding LPS or dLPS to recMoPrP^23--231^. In these samples we also found 17/18 kDa and 13/14 kDa bands at 1:400 PK to PrP, but fewer of these large PK-fragments were seen after immediate conversion than were found after 4 d incubation (results not shown). Instead, more intense bands were seen below 11 kDa after PK digestion. This result is consistent with the immediate conversion of PrP^c^ to PrP^β^ due to LPS and dLPS, but longer incubation times generate enhanced PK resistance. Figure 9.LPS and dLPS-converted recPrP forms a PK resistant core. SDS-PAGE of PK treated samples of recMoPrP^23--231^ (A), recMoPrP^23--231^ with 1:1 (g:g) LPS (B) and recMoPrP^23--231^ with 1:1 (g:g) dLPS (**C**). The samples were incubated at 37°C for 4 d before PK digestion.

DISCUSSION {#s0003}
==========

We previously demonstrated LPS-induced conversion of recPrP^c^ to PrP^β^.[@cit0014] As LPS contains multiple lipid and saccharide components, we examined whether a chemical constituent of LPS will induced PrP conversion. Our results show that both the polysaccharide and lipid component of LPS are required to induce PrP conversion to PrP^β^. This conversion is not possible with either lipid A or Kdo~2~-lipid A or any of the smaller chemical components of LPS such as Kdo or glucosamine. Only a modestly de-acylated form of LPS, called dLPS, is able to generate PrP^β^ in a similar fashion to intact LPS. Our results also indicate that the intact structure of lipid A is not required, but that the scaffolding afforded by the micellar nature of LPS and dLPS is required for conversion.

The strong binding of LPS to recPrP, as originally recorded by solution NMR[@cit0014], is also demonstrated here using tryptophan fluorescence. Binding of LPS or dLPS to PrP actually increased, not quenched, tryptophan fluorescence. The use of tryptophan fluorescence also allowed us to detect similar interactions with PrP and to monitor recPrP binding to dLPS. However, our tryptophan fluorescence results showed that Kdo, glucosamine, and Lipid A, did not bind to recPrP. Because a precipitate formed when Kdo~2~-lipid A was added to recMoPrP^23--231^ and recMoPrP^90--231^, we could not conclude if Kdo~2~-lipid A interacts specifically with PrP, and thus induces the formation of PrP aggregates. Alternatively the precipitate/aggregates may be caused by poorly dissolved Kdo~2~-lipid A or impurities non-specifically interacting with PrP. However, we can conclude that Kdo~2~-lipid A does not induce the type of PrP oligomerization which is induced by LPS and dLPS. The strong binding of both LPS and dLPS to recPrP is strengthened by the β-sheet conformational change (as determined by CD analysis). The conformational change (to a beta-rich PrP^β^) and the concomitant oligomerization induced by LPS is expected to cause both a loss of NMR signal, as seen previously[@cit0014], as well as the fluorescence enhancement and blue shift seen in this study. Our results are consistent with a transient interaction of a conversion-inducing cofactor binding to PrP^c^ and promoting rapid formation of PrP^β^. Moreover, our data also shows that PrP^β^, once formed, is stable without the presence of LPS of dLPS micelles. This PrP^β^ form is stable and can be seen on RENAGE gels ([Fig. 4](#f0004){ref-type="fig"}) after the LPS or dLPS is diluted beyond the CMC. TEM images also show the formation of large protein oligomers with no detectable LPS micelles ([Fig. 8](#f0008){ref-type="fig"}). These results agree with those reported for POPG-induced PrP conversion, where the interaction of PrP with POPG is not required to maintain PrP^β^ and the interaction is transient.[@cit0018]

The PrP^β^ oligomers that we generated with LPS and dLPS-induced conversion of full-length recMoPrP^23--231^ have similarly high β-sheet content as Saleem *et al*.[@cit0014] observed with LPS-converted truncated Syrian hamster PrP (recShPrP). In particular, Saleem *et al.* showed that recShPrP^90--232^ converted to PrP^β^ oligomers with a weight ratio as low as 1:0.75 of LPS to PrP and generated a PrP^β^ form with up to 32% β-sheet.[@cit0014] Similarly, CD of the PrP^β^ oligomers we generated via LPS and dLPS-induced conversion of full length recMoPrP^23--231^ produced large oligomers with 33% and 34% β-sheet content, respectively. We can use the concentration dependence of LPS-induced conversion presented here (using RENAGE -- [Fig. 5A](#f0005 f0006){ref-type="fig"} and [Fig. 6](#f0006){ref-type="fig"}) to compare to the conformational change measured by CD in Saleem *et al*.[@cit0014] Both RENAGE and CD analysis of LPS converted recShPrP^90--231^, studied by Saleem *et al*., show conversion at sub-stoichiometric ratios of PrP to LPS. RENAGE of converted recShPrP^90--232^ show that a ratio as low as 1:0.09 (PrP to LPS) there is 37% conversion to PrP^β^ small and large oligomers ([Fig. 5A](#f0005){ref-type="fig"} and [Fig. 6](#f0006){ref-type="fig"}). CD analysis of this 1:0.09 sample contained 20% β-sheet. Therefore, both our studies and those of Saleem *et al*. indicated that conversion occurs when the LPS concentration is above the CMC.

Both LPS and dLPS are able to induce recPrP^c^ to form large PrP^β^ oligomers with PK resistant fragments larger than those in native recPrP^c^. Oligomeric isoforms of PrP^β^ are also formed from other PrP conversion methods.[@cit0006] Oligomerization has shown to be critical for conversion potency in the propagation of native PrP^c^ to PrP^Sc^ in PMCA and QuIC assays.[@cit0039] Furthermore, oligomers are linked to a form of relatively less protease resistant prions that peak at the transition from asymptomatic to symptomatic prion disease.[@cit0040] Despite oligomers usually displaying less protease resistance than fibrils,[@cit0041] the PrP^β^ formed by LPS and dLPS contain a 17/18 kDa PK resistant fragment at a weight ratio of 1:400 PK to PrP. The presence of 17/18 kDa PK resistance bands is intriguing because a 17 kDa PK resistant band is found in deglycosylated PrP^Sc^.[@cit0037] In addition, when infectious recPrP^Sc^ is generated via PMCA and POPG with RNA, a 17 kDa PK resistance band is prominent.[@cit0004] Therefore, the presence of a 17 kDa PK resistance fragments in our study suggests that the large β-sheet rich PrP oligomers generated by both LPS and dLPS share similar structural features with infectious prions. Notably, infectious prions generated from recombinant PrP also contained large oligomers that were 26 nm in diameter.[@cit0035] The size of PrP^β^ oligomers formed with LPS and dLPS is a heterogeneous mix of oligomers 17--50 nm in diameter.

Overall this study was designed to provide additional biophysical insight into the mechanism and generality of the LPS-induced PrP conversion phenomenon first observed by Saleem *et al*.[@cit0014] Our data shows that LPS converts many forms of PrP (full length and truncated), from many species of PrP (mouse, Syrian hamster, cervid) and under a wide range of LPS to PrP concentrations. We have also shown that a minimal version of LPS (called detoxified and partially de-acylated LPS or dLPS) containing a portion of the polysaccharide and a portion of the lipid component is sufficient for PrP conversion. Lipid components, alone, and polysaccharide components, alone, are insufficient for conversion. Because PrP conversion by LPS or dLPS occurred only at concentrations at or above the CMC, this suggests that transiently formed LPS micelles catalyze the binding and conversion of PrP^c^ to PrP^β^. Characterization of the PrP^β^ products formed by LPS and dLPS via fluorescence, EM, CD, PK digestion and RENAGE demonstrated that these oligomers exhibit many of the physical properties of infectious PrP^Sc^ particles.

MATERIALS AND METHODS {#s0004}
=====================

Materials {#s0004-0001}
---------

For the experiments described here, recombinant mouse PrP full length 23--231 (recMoPrP^23--231^), truncated 90--231 (recMoPrP^90--231^) as well as recombinant Syrian hamster truncated 90--232 (recShPrP^90--232^) and recombinant cervid truncated 94--233 (recCePrP^94--233^) prion proteins were used. These constructs contain a His6x purification tag and were expressed and purified as previously described.[@cit0027] Other supplies were purchased from various vendors. These included: LPS *E. coli* O111:B4 from Sigma-Aldrich (L3024), dLPS *E.coli* O111:B4 from Sigma-Aldrich (L3023), Lipid A (monophosphorylated from Salmaonella minnesota R595) from Avanti Polar Lipids (699200P), Kdo~2~-Lipid A (diphosphorylated) from Avanti Polar Lipids (699500P), 2-keto-3-deoxyoctonate (Kdo) from Sigma-Aldrich (K2755), glucosamine HCl from Sigma-Aldrich (G4875) and proteinase K from Promega (V3021). dLPS (L3023) from Sigma-Aldrich is partially delipidated by alkaline hydrolysis, which will preferentially remove the ester-linked fatty acids and thus leave the N-linked fatty acids intact.[@cit0044]

Stocks of the LPS components were prepared as follows. For intact LPS solutions the powder was suspended in water to give a solution with a concentration of 5 mg/mL and then vortexed for 1 min, heated at 70°C for 1 min and sonicated in water bath sonicator for 1 min. For the dLPS stock solutions the powder was suspended in water to give dLPS solution with a concentration of 5 mg/mL and the solution vortexed for 5 min. To prepare 1 mg/mL of lipid A the powder was suspended in water and frozen. Then to an aliquot 0.2% trimethylamine was added and then heated at 65--70°C for 20 sec, vortexed for 1 min, heated at 65--70°C for 20 sec and sonicated for 5 minutes. This heating, vortexing, heating and sonication process was repeated to acquire a clear solution. A 1 mg/mL stock of Kdo~2~-lipid A was prepared by dissolving the powder in 20 mM sodium phosphate pH 7.4, sonicating 5 min, heating at 70°C and vortexing to obtain a clear solution.

Resolution Enhanced Native Acidic Gel Electrophoresis (RENAGE) {#s0004-0002}
--------------------------------------------------------------

The loss of monomeric PrP and conversion to small and large PrP oligomers/fibrils was visualized using a specially developed technique called RENAGE.[@cit0026] Gels were prepared using a 8% acrylamide pH 4.3 running gel and a 3% acrylamide pH 5.2 stacking gel as previously described.[@cit0026] The running buffer consisted of 0.35 M β-alanine and 0.14 M acetate at pH 4.3. Samples were mixed with 5X dissolving buffer (37% glycerol, 128 mM acetate-KOH, pH 5.2 and 0.01% crystal violet (Sigma-Aldrich Canada)). Gels were pre-run at a current of 30 mA per gel at normal polarity (anions move down the gel) for 17 to 20 minutes and then 5 μg of the different PrP samples were loaded in the dissolving buffer. The gels were then run at 30 mA with reverse polarity (cations move down the gel) for ∼85 minutes. Gels were stained with colloidal Coomassie blue for at least 4 hrs and then destained in water.[@cit0045] The size of the recMoPrP^23--231^ oligomers was compared to a ladder of bovine serum albumin (BSA) oligomers that form when lyophilized BSA (Sigma-Aldrich, L7906) is dissolved in water.

The area of protein bands was determined by converting the gel lanes to a band-intensity chromatogram using ImageJ (http://rsbweb.nih.gov/ij/index.html). Chromatograms were then plotted using the Origin software package (OriginLab Corp., version 9) and the peaks manually marked and integrated, using Origin\'s "peak analyzer" module. Percentages of monomer, small oligomers and large oligomers were then calculated from the area of each peak compared to the total integrated area.

Tryptophan Fluorescence {#s0004-0003}
-----------------------

The ability of LPS and its various components (dLPS, Kdo~2~-lipid A, lipid A, Kdo and glucosamine) to bind to PrP was measured by the quenching or enhancement of tryptophan fluorescence of recMoPrP^90--231^. Samples were prepared with a concentration of 15 µM recMoPrP^90--231^ in 20 mM sodium acetate at pH 5.5 with 5, 15, 30 and 60 µM of the LPS or LPS components including: Kdo, lipid A, Kdo~2~-lipid A, and dLPS, in a total volume of 0.1 mL. The LPS or LPS components were added 30 min to 1 hr before collecting the fluorescence spectra. Emission spectra were acquired on a QuantaMaster 400 spectrofluorimeter (Photon Technology International Inc., London, ON, Canada) with an excitation wavelength of 295 nm and emission wavelengths collected from 310 to 450 nm. The excitation slits covered a 2 nm window and the emission slits covered a 5 nm window. The step size was 2 nm with an integration time of 1 sec for each point. The absorbance at 280 nm of the samples was measured after acquiring the spectra. This was used as a measure of the amount of PrP that precipitated during the experiment, and where there was no precipitate to correct for effect of LPS or dLPS absorbance. The quartz cuvette path length was 3 mm. We corrected for the inner filter effect caused by increase in absorbance using the following equation.[@cit0046]$$\text{F}_{\text{o}\text{b}\text{s}} = \text{F}_{\text{c}\text{o}\text{r}\text{r}} \times 10^{- (\text{A}\text{e}\text{x}*\text{d}\text{e}\text{x})/2}$$where F~obs~ is the measured fluorescence intensity; F~corr~ is the calculated corrected fluorescence intensity; A~ex~ is the change in excitation absorbance caused by ligand; and d~ex~ is the 3 mm path length.

Circular Dichroism {#s0004-0004}
------------------

The secondary structure of recMoPrP^23--231^ treated with LPS or dLPS was determined using CD. Samples were prepared with 0.5 mg/mL PrP in water with a weight ratio of 1:1 LPS or dLPS added 30 min before collecting the spectra. The LPS stock at 5 mg/mL was reclarified by vortexing for 1 min followed by 2 cycles of heating at 70°C and sonicating for 1 min in a water bath sonicator. CD spectra were acquired on a Jasco J-810 circular dichroism spectropolarimeter using a 0.1 mm quartz cell with samples dissolved in 20 mM sodium acetate, pH 5.5. Spectra were recorded as the average of 3 or 4 scans from 190 to 260 nm. All spectra were acquired with a scan rate of 20 nm/min and smoothed with a Savitzky--Golay window of 13 points. The secondary structure content was determined using BeStSel.[@cit0032]

Negative Stain Electron Microscopy {#s0004-0005}
----------------------------------

PrP samples converted with LPS or dLPS were applied to freshly UV irradiated 300 mesh copper grids with a support film of Formvar with carbon (Ted Pella Inc., Cat\# 01753-F, Redding, CA, USA). The PrP samples were diluted to 2 μM in water and then 10 μL of the PrP solution was spotted onto Parafilm. The grid was placed on top of the droplet for 30 seconds. Grids were washed once with 10 µL double-deionized water and stained twice with 10 µL 4% uranyl acetate, for 30 seconds each. Residual solution was wicked away using filter paper. Micrographs were acquired on a Philips/FEI (Morgagni) transmission election microscope at 80 kV.

Proteinase K Digestion {#s0004-0006}
----------------------

The susceptibility/resistance to proteinase K (PK) digestion of the LPS and dLPS-converted PrP samples was determined using a method adapted from Atarashi *et al.*[@cit0037]. Samples were generated by incubating 0.5 mg/mL recMoPrP^23--231^ in 20 mM MES pH 6.5 with a weight ratio of 1:1 LPS or dLPS at 37°C for 4 d. Alternatively samples were analyzed immediately after adding LPS or dLPS. For digestion, 12 µL of PrP samples at a 0.5 mg/mL concentration were mixed with 2.4 µL of 1 M Tris buffer at pH 8 and 8.1 µL milli-Q water. Then proteinase K (Promega, Madison, WI, USA) was added at ratios of 1:400, 1:200 and 1:50, PK to PrP (weight-to-weight). The final concentrations were 0.25 mg/mL PrP and 100 mM Tris at pH 8. The sample was digested for 45 minutes at 37°C. After digestion, 2.4 µL of 1 mM PMSF was added (resulting in a 0.1 mM PMSF solution) and the samples were placed on ice until boiling. Next 16.5 µL Laemmli sample buffer (2% SDS, 5% glycerol, 2 mM DTT, 50 mM Tris, pH 6.8, 0.01% bromophenol blue) was added followed by 10 µL of 10 M urea (resulting in a final concentration of 2 M urea). These samples were boiled at 95°C for 5 min and 3 µg protein samples were loaded onto a 12% SDS-PAGE gel with a Tris-Glycine buffer system. The gel was run at 180 V for 45 minutes and visualized with colloidal Coomassie blue.
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